Abstract
123
To analyze nuclear localization, we calculated the ratio of average mCherry signal intensity 124 between the nucleus and cytoplasm ( Figure S1 ). In two of the four cell lines (LLC-PK1 and HEK-125 293), there were no effects on transgene localization between the nucleus and cytoplasm despite 126 there being a ciliary localization difference. However, in hTERT-RPE1 and IMCD3 cells, the 127 phospho-mimetic KIF17(S1029D)-mCherry had a decreased nuclear to cytoplasmic ratio,
128
suggesting inhibition of nuclear localization as compared to either wild-type KIF17-mCherry or 129 phospho-deficient KIF17(S1029A)-mCherry. Yet, only in hTERT-RPE1 cells did the nuclear to 130 cytoplasmic ratio exceed one. Taken together, these data support a model in which 131 phosphorylation of the conserved S1029 residue of mouse KIF17 strongly promotes ciliary 132 localization in four different cell lines. In contrast, nuclear localization of KIF17 may be negatively 133 regulated by phosphorylation depending on cell type.
135

Phospho-mimetic zebrafish Kif17 has enhanced OS localization
136
While phosphorylation of KIF17 may regulate ciliary localization in mammalian cells, our 137 main interest was in investigating the effect of KIF17 phosphorylation in ciliary photoreceptor OS 138 6 in vivo. We generated comparable zebrafish Kif17 constructs specifically for cone photoreceptor 139 expression with the cone-specific transducin-α (gnat2) promoter, also known as TaCP: Kif17-GFP, 140 phospho-mimetic Kif17(S815D)-GFP, and phospho-deficient Kif17(S815A)-GFP ( Figure 1C) .
141
While previous work shows that 
163
expression in the mouse retina at ZT 4, just following light onset, which subsequently returns to a 7 basal level ( Figure S3A) . We also performed qPCR on 14 dpf zebrafish eyes that were collected 165 at nine discrete timepoints over a 24 hour period beginning at light onset. In contrast to the mice,
166
which are kept on a 12 hour:12 hour light:dark cycle, the zebrafish are maintained on a 14 hour:10 167 hour light:dark cycle, so that ZT 14 indicates dark onset. While there is an increase in zebrafish 168 kif17 expression immediately after light onset (ZT 1.5), there is a second, more intense peak just 169 following dark onset (ZT 16 and ZT 18) ( Figure S3B) . While Kif17 appears to be rhythmically 170 expressed in both mouse and zebrafish, mice have a single peak of expression associated with 171 light onset, whereas zebrafish have two peaks of expression associated with both light and dark 172 onset.
173
Due to the association of kif17 expression with both light and dark onset in zebrafish, we
174
hypothesized that Kif17 could be involved in disc shedding, the daily process of OS turnover in 
203
4F). However, there is no significant change in the number of rhodopsin-labeled phagosomes.
204
Additionally, we specifically labeled cone-derived phagosomes using an antibody against gnat2,
205
the cone-specific transducin-α whose promoter was used to drive expression of the transgenes in Figure 5A ).
225
Although there were changes in the disc shedding rates between genotypes and throughout the 226 day, there was no change in phagosome size ( Figure 5B) .
227
To more carefully analyze the differences in disc shedding patterns between wild-type and 228 kif17 mw405 larvae as well as between the morning and evening peaks, we performed spline 229 interpolation, a method of constructing a piecewise polynomial curve to smoothly fit the disc
230
shedding data across all timepoints, for both the wild-type and kif17 mw405 phagosome number data
231
( Figure S9A ). For wild-type larvae, the two peaks in the number of phagosomes occurred 2.5 232 hours after light onset and subsequently 2 hours after dark onset (Table S1 ). In comparison, 233 kif17 mw405 mutants had estimated peaks at 2.5 hours after light onset, and 3.2 hours after dark 234 onset, suggesting that, in addition to the decrease in the total number of phagosomes shed 235 associated with loss of kif17, the kinetics of disc shedding at night might also be altered.
236
Additionally, the kinetics of phagosome digestion could be roughly estimated by the decreasing 237 slope in the number of phagosomes observed following either the morning or night peak. However,
238
this is under the assumption that there are no new phagosomes being shed during this period.
239
Following the morning peak of disc shedding, we estimated similar slopes of 8x10 -3 and 10X10 
244
In addition to the deficiencies in disc shedding caused by loss of kif17 in zebrafish, we 245 observed a similar diminution in total number of phagosomes in Kif17 deficient mice ( Figure 5D) 246 without a significant impact on phagosome size ( Figure 5E ). In contrast to the report that rat disc 
260
Kif17 is associated with a decrease in the total number of phagosomes, supporting a role for KIF17
261
in promoting disc shedding in the mature photoreceptor.
262
It has been suggested in an analysis using goldfish [22] that morning and evening peaks 263 reflect disc shedding by rods and cones respectively, although the two types of phagosomes 264 cannot be readily distinguished after phagocytosis. To further define these two peaks of disc
265
shedding in zebrafish, we performed the immunogold rhodopsin labeling of phagosomes in wild-
266
type larvae at both the morning (ZT 1.5) and evening (ZT 15.5) peaks. While there was no change 267 in the total number of phagosomes at either of these peaks, there was an increase in the number
268
of unlabeled phagosomes at the evening peak, suggesting an increase in cone disc shedding
269
( Figure 5C ). However, at least 25% of the phagosomes present at the night peak were still rod 270 phagosomes. Additionally, we performed immunogold labeling with the cone-specific transducin-271 α antibody, and again found that while there was no change in the total number of phagosomes at 272 either the morning or evening peak, the evening peak contains a higher ratio of cone to rod 273 phagosomes than the morning peak ( Figure S8C) Figure 6A ).
297
There was no change in phagosome size associated with any of the injected larvae ( Figure 6B ).
298
Ultimately, these data show that the effect of tCaMKII depends on the presence of endogenous
299
Kif17 and implicates CaMKII mediated phosphorylation of Kif17 in the regulation of disc shedding.
301
Discussion
302
Phosphorylation promotes ciliary localization of KIF17
303
In this work, we show that phospho-mimetic KIF17 has a strongly enhanced ciliary 
406
Overall, we show that phosphorylation of KIF17 promotes its ciliary localization. In cone
407
photoreceptor outer segments, phosphorylated KIF17 promotes cell-autonomous disc shedding.
408
As disc shedding has been predominantly studied within the retinal pigment epithelium, this work
409
implicates photoreceptor-derived signaling in the underlying mechanisms of disc shedding.
411
Methods
412
Mouse and zebrafish husbandry 413 C57BL/6 mice were maintained under 12 hour:12 hour light:dark cycle. We generated the 
453
The mouse monoclonal anti-rhodopsin antibodies K62-171c and B630 were gifts from Dr. Paul
454
Hargrave (University of Florida) [20] . Nuclei were stained with Hoechst (Thermo Scientific). 
479
(quantified from an area where there was no cellular fluorescence), the ratio of the cytoplasmic to 480 nuclear average intensity was calculated.
482
Photoreceptor localization analysis
483
Embryos were injected with constructs as described above for mosaic expression and raised in 
561
All expression values were standardized to 1 for the light onset timepoint (ZT 0).
563
Imaging
564
Immunofluorescent images were acquired with a 100x, 1.30 NA oil-immersion lens (Nikon) on
565
either an Eclipse TE300 (Nikon) microscope operating NIS-Elements (Nikon) and a Zyla sCMOS 566 camera (Andor) or a C1 Plus-EX3 AOM Confocal System (Nikon) operating EZ-C1 (Nikon). TEM
567
imaging was performed on a Hitachi H-600 with an ORCA-100 digital camera (Hamamatsu).
568
Blinded image analysis was performed on de-identified, randomized images with ImageJ.
570
Statistical analysis
571
For ciliary and nuclear localization of KIF17 in mammalian cell culture experiments, a one-way 
580
For qPCR analysis of opsin expression, a one-way ANOVA was performed for each opsin gene.
581
For all experiments, following significance with either one-way or two-way ANOVA, a Bonferroni 
